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We investigated the localized electronic properties of nanoporous gold films by using an ultra-
high vacuum scanning tunneling microscope at low temperature (4.2 K). Second derivative scanning
tunneling spectroscopy shows the plasmon peaks of the nanoporous gold films, which are excited
by inelastic tunneling electrons. We propose that the nanorod model is appropriate for nanoporous
gold studies at the nanometer-scale. These results are supported by a 3D electron tomography
analysis and theoretical calculations of nanoporous gold with ellipsoid shape.
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I. INTRODUCTION
At the core of plasmonics, a surface plasmon is a co-
herent electron oscillation that is excited by an electro-
magnetic field and propagates along a metal-dielectric
interface, which is now widely used in molecular biol-
ogy, environmental monitoring, and energy harvesting
and conversion [1]. With a three-dimensional (3D) con-
tinuous network structure of interconnecting gold liga-
ments and nanopore channels, recently-developed deal-
loyed nanoporous gold (NPG) films are very active plas-
monic materials [2, 3]. In particular, a smaller pore size
leads to a larger enhancement in surface enhanced Ra-
man scattering (SERS) [4]. Such films have been proved
to be outstanding free-standing SERS substrates able to
achieve single molecule detection [5]. Yet, although easy
and controllable synthesis allows to tune the plasmon-
ics and SERS properties of NPG films, there is currently
no complete theoretical understanding of these proper-
ties due to the complex morphology of the films [6]. A
dealloyed nanoporous metallic film is characterized by
various kinds of nanostructures, including nanopores and
nanoligaments, where the plasmons are confined. Strong
electromagnetic fields appear due to the large curvatures
of these nanofeatures and to the short distance between
neighbor ligaments [6]. Practical knowledge of inelas-
tic electron tunneling spectroscopy (IETS) tells us that
the optical constant of metals [7], as well as the size,
shape, assembly of nanostructures [8] and scanning tun-
neling microscopy (STM) tip-sample cavity [9] can af-
fect the plasmonic behavior of gold films. One may ask:
are the local electronic properties of nanofeatures in a
nanoporous film more similar to those of nanoclusters
or nanorods? This understanding is necessary when op-
timizing the performances of NPG films and designing
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NPG-based nano-optics devices. Unfortunately, litera-
ture lacks of quantitative approach to the local electro-
optical properties of such nanoporous material.
IETS is an appropriate experimental technique for in-
vestigation of low-lying excitations in a wide variety of ex-
perimental systems in the few eV’s energy range [10]. It
uses quantum-mechanical tunneling of electrons through
thin insulating barriers in solid-state structures. A plas-
mon occurs in a bulk metal at a frequency ωp given by
ω2p = ne
2/ε0εrme, where n is the electron density. Elec-
tron energy-loss experiments show that plasmons are eas-
ily excited by the passage of energetic electrons. Char-
acteristic values of ωp for bulk metals fall in the 5 ∼ 10
eV range, outside the range of IETS. However, by using
a degenerate semiconductor, n can be reduced enough to
shift the energy of the plasma oscillations below 1 eV.
In addition, surface plasmons occur near the insulator-
metal interface (i.e. at the sample surface), with electric
fields decaying exponentially into both metal and insu-
lator with frequencies often smaller than ωp. In metals,
such excitation of surface plasmons can generally be in-
ferred only from subsequent decay to visible radiation
[11].
IETS measurements at the normal boiling point of 4He
(4.2 K) can give an energy resolution as good as 2 meV.
To benefit of its high sensitivity, in this work we ex-
plore the local electronic properties of NPG films by using
IETS, and show that at the nanometer-scale the nanorod
features of the NPG films rather than nanoclusters play
a dominant role in determining the plasmonics properties
of these materials.
II. EXPERIMENT
NPG films were synthesized by chemically etching
Ag65Au35 (atomic ratio) leaves with a size of ∼ 20 mm ×
20 mm × 100 nm in a 70% (mass ratio) HNO3 solution
at room temperature. Nanopore sizes are controlled by
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2the corrosion time [4, 6]. The intermediate porous struc-
ture was quenched by distilled water and residual acid
within nanopore channels was removed by water rinsing.
The nanopore sizes, defined by the equivalent diameters
of nanopore channels or gold ligaments [12], are deter-
mined using a rotational fast Fourier transform method
[13]. The films are physically supported by highly or-
dered pyrolytic graphite substrates, which do not have
any plasmon peak in the IETS measurement range.
The local structure of nanoporous gold was charac-
terized by scanning electron microscopy (SEM) (JEOL,
JIB-4600F) and spherical-aberration-corrected transmis-
sion electron microscopy (STEM)(JEOL, JEM-2100F).
The topography of the NPG films was measured using
a JEOL STM at ambient condition. As-prepared NPG
films were transferred into a low-temperature ultra-high
vacuum scanning tunneling microscope (LT UHV-STM,
UNISOKU) for IETS measurements [see Fig. 1(a)]. Each
IETS spectrum (proportional to the second derivative of
the I-V characteristic) was measured at liquid helium
temperature (4.2 K) with the standard lock-in method
[14]. The modulation voltage of the excitation signal for
the measurements was 7 mV. The I-V curves were mea-
sured below 3.0 eV for tip stability.
III. RESULTS AND DISCUSSION
In 1976, J. Lambe and S. L. McCarthy discovered light
emission from inelastic electron tunneling when a cur-
rent was drawn through a metal-oxide-metal tunneling
junction [15]. This technique yields a broad-band light
source with a high frequency linear cutoff that depends
only upon the applied voltage, and a peak in d2I/dV 2 of
a Ag junction was observed for bias coinciding with the
plasmonic frequency ν0 (i. e. when |eV | = hν0). The
effect can be interpreted in terms of inelastic tunneling
excitation of optically coupled surface plasmon modes.
Later, light emission from condensed Ag films as intense
as 10−3 photon per injected electron has been observed
in a STM [16, 17], in perfect agreement with a theoretical
work by Persson and Baratoff [18] who also found that
hot-electron injection yields a much smaller estimate, of
the order of ∼ 10−6. In other words, if the energy of
the tunneling electrons is larger than the energy of the
dipole active surface plasmon mode, most of the emitted
light results from inelastic tunneling, in agreement with
the STM studies.
As illustrated in Fig. 1(b), the inelastic interactions of
electrons tunneling from a STM tip to the sample with
a characteristic energy loss mode ω = eVp open up an
additional tunneling channel on top of the elastic tunnel-
ing current background when the bias voltage reaches Vp,
which leads to an increase in the I-V curve slope. The
second derivative of the I-V curve thus exhibits a peak
corresponding to the slope change in the I-V curve and
the area below the peak is directly related to the strength
of the interaction [10]. The nature of the plasmons is
FIG. 1. (Color online). (a) Schematic representation of in-
elastic tunneling microscopy from a NPG film in a STM. (b)
Illustration of inelastic tunneling spectroscopy. (c) A typical
STM topographic image of a NPG film. The scan size is 2×2
µm2. VB = −1.0 V , It = 1.0 nA. (d) EDX spectrum of a
dealloyed NPG film. STEM images of non-annealed NPG film
containing ∼ 5 at. % residual Ag in (e) and detailed image
in (f).
determined by the boundary conditions of potentials of
the STM tip and the metal surface [19], and the spectra
are thus closely related to the geometric structure of the
STM tip and the metal being sampled.
A typical STM image in Fig. 1(c) illustrates gold
nanoaggregates on the surface. The peak-peak distance
for 20 nm pore size NPG films is about 70 nm. The
conductivity and flatness of the NPG films indicate that
they are suitable candidates for STM studies. The con-
centration of residual silver in the dealloyed NPG films
detected by SEM energy dispersive x-ray (EDX) analysis
is smaller than 3 at.% [see Fig. 1(d)]. The Cu features
in the EDX analysis are attributed to the copper stage
of the sample. STEM results show that the local atomic
structure is homogeneous [20] and there is no observable
Ag-rich region on the surface of non-annealed samples
when the residual Ag concentration is smaller than 5%
[see Fig. 1(e) and 1(f)], and the residual Ag mainly dis-
tributes in the inner ligaments instead of on the NPG
surface because of the lower electrochemical stability of
Ag on the ligament surface [21]. Theoretically, we con-
3sidered the effect of Ag mixing on the optical properties
(plasmon) by calculating the complex dielectric constant
using the effective medium model of Maxwell-Garnet [22].
The result shows that the complex dielectric constant is
almost unchanged by small mixing of Ag (3%).Therefore,
the presence of Ag is ignored in our IETS measurements
and analysis.
Jacobsen et al. [23] reported that there is a significant
variation of the tunneling behavior in spatially-resolved
spectroscopy from a nanoporous film of TiO2. The au-
thors attributed this energy shift to the quality difference
in the aggregates interconnections in the nanoporous net-
work. It is worth noticing that unlike in ordinary films,
the visible features in the STM images, isolated or in-
terconnected at the surface, are in fact connected to the
deeper network. Therefore, they cannot be directly used
to establish a correlation between the plasmonic reso-
nances and the local geometric structures. To overcome
this problem, our investigation includes a large amount
of IETS spectra and conclusions are based on statistics.
Here one should note that from our experimental data
some NPG ligaments behaves like a bulk. Indeed, for
some measured ligaments there is no peak in the second
derivative curves within our measured range. This prop-
erty may be caused by the complex connecting network
structure. A typical second derivative spectrum of NPG
film measured by STM for a ligament presenting features,
and spanning a large energy range (from -2.0 V to 2.0 V)
in both bias polarities, is shown in Fig. 2(a). The main
features in the d2I/dV 2 curve are symmetrically located
in energy with respect to the zero-bias position. Due to
the symmetry they can be assigned to inelastic plasmon
contributions.
For each sample, we took 30 IETS spectra from various
ligaments. The two films show obvious differences. For
the film with 10 nm diameter pore size, more abundant
and sharper peaks frequently appear in the low energy
range, down to 0.5 eV. In contrast, NPG films with larger
ligaments (35 nm) are less actively excited in this range,
as shown in Fig. 2(b). Accordingly, the gaussian fits of
the number of excitations per energy range peak around
1.8 eV and 2.4 eV for 10 nm and 35 nm pore sizes, respec-
tively [see Fig. 2(c)]. Considering that most excitations
in the IETS spectra locate in the 0.5 ∼ 2.5 eV range, it
is reasonable to assign their origin to elementary excita-
tions of local plasmons at the surface of the NPG films
[10]. The variation in the peak position is mainly caused
by the average sizes of the gold ligaments.
It is instructive at this stage to compare our results
with previous data of plasmonic excitations reported on
simpler gold-based nanostructures. Nilius et al. [24]
studied plasmon excitations in single gold clusters us-
ing IETS. For the tip-sample coupling, the energy shift
of the emission line can be assigned to a relative cluster-
size effect on the tip-induced plasmons. In contrast to
Mie-like plasmons at 2.3 eV, plasmon peak energies ap-
proximately decrease proportionally with the cluster size
and can be fit by ~ω(d) = 2.3 eV− 0.02 eV/nm×d(nm).
FIG. 2. (Color online). (a) Typical d2I/dV 2 curve from a
NPG film. Dashed lines are guides to the eye. (b) Energy and
intensity distributions of the plasmon peaks in the d2I/dV 2
curves for NPG films of 10 nm (blue) and 35 nm (red) pores.
(c) Gaussian distributions (dashed lines) of the plasmon peaks
in (c).
Instead of nanoclusters, Mohamed et al. [25] studied the
lightning of 20 nm diameter gold nanorods with length
ranging from 20 to 100 nm and found that the peak max-
ima are continuously red-shifted with increasing the as-
pect ratio of the nanorods. The optical absorption prop-
erties of Au nanoparticles in the visible range are very
much dictated by the effect of the boundary conditions
of the coherent electron oscillations and also due to the
d → sp interband electronic transitions. So¨nnichsen et
al. [26] studied single-particle scattering spectra from
both nanospheres and nanorods. The spectra show the
particle-plasmon resonances of the spheres at higher en-
ergy (2.19 eV) than the long-axis mode of the rods (1.82
eV).
Our IETS results suggest that the plasmonic properties
of NPG are more consistent with the nanorod approxi-
mation than the nanocluster model. To confirm this as-
sumption, we characterized the morphology of NPG films
with different pore sizes using 3D electron tomography.
To extract the length and diameter distributions of the
nanorods, we translated the nanostructure into a skeletal
network using a 3D thinning algorithm by which the vol-
ume of voxel data are digitally reduced from the surface,
4FIG. 3. (Color online). (a) Distribution of scaled probabil-
ity density of inter-junction path length of gold ligaments,
and (b) distribution of scaled probability density of the di-
ameters of gold ligaments for the films with 10, 17, and 35
nm pore sizes. (c) (Inset: Schematic drawing of structural
characteristics of NPG by an ellipsoid.) Calculated results of
aspect ratio (c/a) dependence of plasmon energy for different
samples with average particle sizes of 10 nm and 35 nm. (d)
Conversion of abscissa axis from length in (a) to energy.
pixel by pixel, until skeletonized pixels remain at the cen-
ter of the nanopore channels or gold ligaments [12]. Fig.
3(a) displays the distributions of the path lengths of the
gold ligaments in films corresponding to 5 min, 15 min,
and 6 hours dealloying. The distributions are asymmet-
ric and exhibit a broad maximum at ∼ 19, 26, and 50 nm,
respectively. Fig. 3(b) illustrates the diameter distribu-
tions of the gold ligaments, which show gaussian profiles
peaked at 10, 17 and 35 nm, for 5 min, 15 min, and 6
hours dealloying, respectively. The length/diameter as-
pect ratios of the gold ligaments and nanopore channels
are approximately between 2 and 3. Thus, the structure
of nanoporous gold can be described as a quasi-periodic
network made of randomly oriented gold nanowires and
hollow nanochannels [12].
In the following, we approximate the structural char-
acteristics of NPG by an ellipsoid:
x2
a2
+
y2
b2
+
z2
c2
= 1 (1)
which can be parameterized in polar coordinates as x =
a sinα cosβ, y = b sinα sinβ and z = c cosα. The local
plasmon is excited by the electric field produced by an
electron tunneling from the STM tip to a gold particle
on the NPG films. The induced dipole moment p can be
described as:
pxpy
pz
 = εm
α1 0 00 α2 0
0 0 α3
E0xE0y
E0z
 = εmαE0 (2)
where E0x, E0y and E0z are the components of the elec-
tric field E0 along the principal axes of the ellipsoid, and
αi (i = 1, 2, 3) represent the polarizability along the prin-
cipal axes of the polarizability tensor α of the gold par-
ticles. To simplify our calculations, we adopt the system
of coordinates (x′, y′, z′) described in the inset of Fig.
3(c), where the z′ axis is defined as the axis connecting
the ellipsoid origin (x = y = z = 0) and the point of the
electron tunneling defined by the angle (θ, φ). The dipole
moment is now expressed as:
p′ = ATp = εm(ATαA)(ATE0) (3)
where A is given by
A =
cosφ − cos θ sinφ − sin θ sinφsinφ cos θ cosφ sin θ sinφ
0 − sin θ cos θ
 (4)
The electric field E0 due to the tunneling electron in
the (x, y, z) coordinate system is assumed to be given by
the electric vector which is normal to the surface of the
ellipsoid at the tunneling position with the angle (θ, φ) in
polar coordinates, and given by the following equation:
E0 =
sin θ1 cosφ1sin θ1 sinφ1
cos θ1
 (5)
where the direction of the electric field is given by the
angle (θ1, φ1) in polar coordinates, which is related to
the tip position with the angle (θ, φ) and the position of
the ellipsoid by the parametric angle (α, β). From the
ellipsoid geometry, the relationships between the angles
(θ, φ), (θ1, φ1) and (α, β) are given by
tanα =
c tan θ√
(a2 cos2 β + b2 sin2 β)
, φ = β (6)
tan2 θ1 = tan
2 α
(
c2
a2
cos2 β +
c2
b2
sin2 β
)
,
tanφ1 =
a
b
tanβ (7)
The electric field in the (x′, y′, z) coordinate system is
given by ATE0. In this coordinate system, the dipole
moment is given by:
5p′xp′y
p′z
 = εmα′E′0 = εm(ATαA)AT
sin θ1 cosφ1sin θ1 sinφ1
cos θ1

(8)
The local plasmon is strongly excited when the above
dipole moment has its maximum related to the energy
dependent polarizability. The polarizability of the prin-
cipal axes for the ellipsoid particle are
αj = 4piabc
ε− ε0
3ε0 + 3Lj(ε− ε0) , (9)
where
L1 =
abc
2
∫ ∞
0
dq
(a2 + q)f(q)
,
L2 =
abc
2
∫ ∞
0
dq
(b2 + q)f(q)
, L3 = 1− L1 − L2 (10)
and
f(q) =
√
(q + a2)(q + b2)(q + c2) (11)
In the calculation, the complex dielectric constant ε of
the gold particles is taken from experimental data. By
using the above equations, we obtain the local plasmon
energy from the energy giving the pole of the polariza-
tion α′E′0 = ε0(ATαA)ATE0, with use of the energy-
dependent dielectric constant of gold for various geomet-
ric shapes by changing a, b and c at various STM tip
positions above the particles. The intensity of the en-
ergy loss peak in IETS is proportional to |α′E′0|2.
Fig. 3(c) compares the calculated results for the lo-
cal plasmon energy as a function of the aspect ratio c/a
of the ellipsoid (with a = b) for 10 nm and 35 nm pore
sizes. In the case of the 10 nm pore size, the calculated
energy ranges from 1.2 to 2.5 eV when the aspect ratio
varies from 1 to 10, which is consistent with the experi-
mental IETS spectra. As with the experimental results,
this range is narrowed and extends from 1.9 to 2.5 eV
for the 35 nm pore size, indicating that the local plas-
mon energy for smaller rod diameters is more sensitive
to the c/a structural ratio. The films grown by our group
have equivalent ligament and pore sizes, but we caution
that this may depend on the dealloying procedure. Other
groups may have different structures. In our investiga-
tion, it is thus more natural and universal to consider the
aspect ratio of the nanorods, as done in Fig. 3(c), and
to compare with parameters determined experimentally
by electron tomography analysis. Our model provides
a direct way to predict the plasmonic properties of de-
signed materials that does not depend on the dealloying
procedure.
According to our model, the energy of the local plas-
mons depends critically on the shape of the local struc-
tures as well as on their orientation with respect to the
STM tip position. Therefore, the variation of the IETS
spectra and the statistical distribution of the plasmon en-
ergy should be closely related to the distribution of the
ligament shapes in the films in Figs. 3(a) and 3(b). Fol-
lowing this assumption, we transform the abscissa scale
(length of ellipsoid) into the energy scale of the local
plasmon of the corresponding ellipsoid. The results, dis-
played in Fig. 3(d), show distributions centered around
1.7 eV and 2.4 eV for the 10 nm and 35 nm pore size films,
respectively, in good agreement with the IETS measure-
ments [see Fig. 2(c)]. We point out that the calculated
distributions are asymmetric curves. The details of these
profiles may be due to the uncertainty of the structural
distributions. In any case, our calculations capture accu-
rately the origin of the main behavior of the IETS spectra
of the NPG films, and demonstrate how the local plasmon
evolves with the local geometry of the gold particles.
We note that in the ultraviolet-visible absorption spec-
tra of NPG, the resonant peak from localized surface
plasmon resonance excitations red-shifts with increasing
the pore size (i.e. ligament diameter for our samples),
which is opposite to our IETS results [27]. The origin
of this difference is unclear but is possibly related to hot
electrons production from plasmon decay [28].
IV. CONCLUSIONS
Our experimental and theoretical results suppose that
NPG can be considered as interconnected short and
curved Au nanorods. The localized electronic properties
are investigated by using an UHV-STM at 4.2 K. Sec-
ond derivative STS shows the plasmon peaks of the NPG
films excited by inelastic tunneling electrons. For the
film with smaller pore size, more abundant and sharper
peaks frequently appear in the low energy range. We
propose that the gold nanorod model is appropriate for
nanoporous gold studies at the nanometer-scale. This as-
sumption is confirmed by the electron tomography anal-
ysis, showing that the length/diameter aspect ratios of
the gold nanowires in the NPG films are approximately
between 2 and 3. Theoretical calculations of NPG with
ellipsoid-like shape, which indicate how the local plasmon
evolves with the local geometry of the gold particles, are
also in good agreement with the IETS results.
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